Abstract: Hydropower reservoirs are found to emit about 35-70 times less greenhouse gas (GHG) compared to thermal power plants. The emissions not only depend on the type of eco-region in which the reservoir is located but also on the reservoir characteristics and water quality parameters. This paper reports the results of the impact of reservoir parameters and water quality characteristics on GHG emission from tropical, temperate and boreal reservoirs. For this purpose, linear equations are developed but the regression coeffi cient is found very poor. The R 2 range for CO 2 is 5×10 -5 to 0.36 for tropical, temperate and boreal reservoirs and the R 2 ranges for CH 4 is 0.004-0.244 respectively, which is far lower than 0.90, and cannot be accurately used for prediction. Thereafter, empirical regression equations are developed to see the combined impact of reservoir parameters and R 2 is found as 0.48 for CO 2 and 0.16 for CH 4 for tropical, 0.34 and 0.37 for CO 2 and CH 4 respectively for temperate and 0.51 and 0.26 for boreal reservoirs. The R 2 < 0.90 indicates that these equations cannot be used to accurately predict the emissions, but can be used to get some idea about emissions from the reservoirs.
Introduction

I
n view of global warming, the greenhouse gas (GHG) emission from the earth surface has become a serious environmental issue since the recent past. Artifi cial reservoirs, particularly in the tropics, are identifi ed as signifi cant CO 2 and CH 4 emitters. The major GHGs are CO 2 , CH 4 and N 2 O emitted from both natural aquatic (lakes, rivers, estuaries, and wetlands) and terrestrial ecosystems (forest, soils) as well as from the anthropogenic sources contributing to the global warming. The global warming potential (GWP) of CH 4 is 21 times higher than CO 2 over a period of 100 years showing that CH 4 is more harmful than CO 2 (IPCC 2007) . St. Louis et al (2000) have studied the current area covered by hydropower reservoirs worldwide representing about 25% of the total area used for humanmade freshwater systems such as irrigation, water supply, energy generation etc. Hydropower reservoirs are reported to emit about 35-70 times less GHG than thermal power plants, even though all human-made hydropower reservoirs emit <16% of the CO 2 and CH 4 emission. Escrito Por. E (2011) have found that only 17% of the potential of hydropower reservoirs has yet been exploited, but the magnitude of GHG emissions varies with reservoir age, size and location as well as water quality. St. Louis et al (2000) reported that CH 4 from reservoirs represent 12% of global CH 4 emission and 90% of it is contributed by reservoirs located in the tropics. Guérin et al (2007) found that higher temperature in the tropics with large amount of organic matter accumulated in reservoirs leads to high CO 2 and CH 4 emissions. Besides, there are signifi cant differences in emissions from reservoirs located in different climatic zones. Huttunen et al (2002) observed that the reservoirs located in the same climatic zones have signifi cant differences in GHG emissions. Abril et al (2005) and Teodoru et al (2010) found that, as the fl ooded vegetation and soil organic matter are potential sources of GHG in hydropower reservoirs, the initial fl ooding phase is associated with higher rates of both bacterial activity and GHG production. The organic matter enters the reservoir from the fl ooded area, primary production in the reservoir and from the river upstream. Pathways of GHG emissions include diffusing and bubbling in the reservoir itself and in the river downstream. Signifi cant amounts of gases are released when the water passes through the turbine and the spillway. CO 2 emissions also result from CH 4 oxidation by anaerobic bacteria that thrive in poorly oxygenated aquatic environments such as sedimentwater interface and thermocline zones. The amount of GHG emitted depends not only on the type of eco-region where the reservoir is located, but also on the reservoir parameters like age, depth, temperature, volume, input of organic matter. Since very little emission data is available only from hydropower reservoirs in Canada, France and Brazil; and so it is diffi cult to establish any relationship between GHG emissions and water quality and reservoir parameters. Signifi cant uncertainties are found in the emission data with respect to water quality and reservoir characteristics. An attempt has been made in this paper to gather the water quality, reservoir characteristics and GHG emission data from literature and to establish equations with respect to individual parameters to study the effectiveness of parameters and to develop empirical equations based on all the data. These empirical equations can be used to predict the GHG emissions provided the data for any reservoir in a given eco-region is available.
Mechanisms of GHG Emissions
The type of gas and its magnitude of emission from a multi-component aquatic environment are governed by the complex phenomena occurring within the water body. As shown in Figure 1 (IPCC 2007) , the Pathways for GHG emissions (CO 2 and CH 4 ) to the atmosphere from reservoirs include: (i) molecular diffusion at the water-air interface, studied by Roland et al (2010) and Teodoru et al (2010) , (ii) bubbling from the sediment, studied by Abe et al (2005) and Lime (2005) , (iii) degassing from water passing through the turbines, studied by Kemenes et al (2007 Kemenes et al ( , 2011 , (iv) turbulent degassing in downstream rivers, studied by Guerin et al (2006) and diffusive fl uxes of CO 2 and CH 4 at the water-atmosphere interface which are dependent on the existence of a concentration gradient between these two compartments. If the water at the surface of a reservoir is supersaturated with CO 2 or CH 4 in relation to the atmosphere, gas fl uxes occur towards the atmosphere. If, on the other hand, the surface water is under-saturated in relation to the atmosphere, gas fl uxes are from the atmosphere to the water. In the latter case, the reservoir surface represents a sink of atmospheric carbon. The amount of GHG fl owing through the water-atmosphere interface depends on gas solubility in water. Thus, GHG emissions through diffusion tend to be higher in reservoirs located in warmer regions and at lower altitudes. The surface of reservoirs are usually dominated by diffusive fl uxes of CO 2 , even in cases, where bottom anoxia leads to high CH 4 production due to the intense oxidation of diffusive CH 4 by anaerobic bacteria above the interface between anoxic and oxygenated water layers was studied by Barros et al (2011) . On the other hand, Delsontro et al (2010) observed that the GHG emissions through bubbling are dominated by CH 4 , perhaps, due to the very low CH 4 solubility in water, which permits the formation of bubbles of varying sizes from 2 to 8 mm. The bubbles are usually formed in the sediment of reservoirs under anoxic conditions. Most of the CH 4 emissions in shallow reservoirs occur through bubbling, whereas CH 4 bubbles are usually dissolved in the water before reaching the surface in deep reservoirs. The process of energy generation from hydroelectric reservoirs leads to two pathways of GHG emission that do not occur in artifi cial reservoirs built for other purposes (e.g. irrigation, water supply, fl ood control, and aquaculture): turbulent degassing of water passing through turbines (energy generation utilities) and degassing downstream of dams.
The water inlet to generate energy is frequently located in medium or lower parts of the dam which means that water from deep layers of the reservoirs passes through the turbines. These deep water layers are usually CO 2 and CH 4 -rich due to both high mineralization rates and high water pressure (i.e. high gas solubility). Kemenes et al (2007) found that by passing water through the turbines, the gases are exposed to low pressure and high temperature conditions favoring rapid emissions to the atmosphere. Despite higher GHG emissions at the turbines, high amounts of both CO 2 and CH 4 remain dissolved in the water downstream of the dams. Guerin et al (2006) observed that the GHG produced in reservoirs may be encountered at sites as far as 40 km downstream of the dam. CH 4 produced by anaerobic processes is transported either by diffusion or ebullition to the atmosphere and is oxidized in the water column and emitted as CO 2 , as studied by Delsontro et al (2010) and Tremblay et al (2004) .
Data Collection
As stated above, the data available on GHG emissions is very much scarce and so the data on CO 2 and CH 4 emissions have been generated based on studies reported in the literature (Barros et al 2011) . For this purpose, the reservoirs are categorized into three eco-regions based on latitudinal boundary ranges: tropical (0-25 º ), temperate (25-50 º ) and boreal (50-70 º ). The data from these reservoirs was extracted with respect to age, mean depth, area, volume, residence time, input of Dissolved Organic Carbon (DOC) and Total Phosphate (TP) including GHG emission. In all, emissions data from 154 hydropower reservoirs was collected and analyzed for individual parameters to develop linear relationships using Mini Tab software. The relationship between CO 2 emissions and parameters for reservoirs located in the three eco-regions is given in Table 1 and that between CH 4 emissions vs reservoir parameters is given in Table  2 . Therefore, the empirical regression equations using all the parameters for CO 2 and CH 4 are given in Table 3 . The coeffi cient of R 2 given in Table 1 shows that there is some relation between CO 2 vs reservoir volume (R 2 = 0.32), CO 2 vs age (0.36) and CO 2 vs DOC (R 2 = 0.26) while Table  2 shows that there is relatively better relation between CH 4 and reservoir volume (R 2 = 0.22) and CH 4 vs mean depth (0.24).
The validation/verifi cation has yielded huge differences between the observed and predicted values indicating that these correlations do not hold good for the prediction of GHG emissions due to considerable uncertainties owing to the complex environmental conditions prevailing in the water bodies. At the same time, the productions of GHG gases become diffi cult due to interferences by large number of organic and inorganic (metallic) pollutants present in the water. Therefore, these empirical equations can be tentatively used only to have a rough idea of GHG gases but no signifi cant relation is found that can be used for GHG prediction accurately. Table 3 gives the empirical equations developed for CO 2 and CH 4 using all the parameters of reservoirs located in the different eco-regions. Table 1 show that when the CO 2 emission from reservoirs located in the three eco regions were analyzed with respect to an individual parameter of the reservoir, the R 2 ranges from 5×10 -5 to 0.09 for tropical, 0.002 to 0.16 for temperate, and 0.001 to 0.36 for boreal reservoirs. The Table 2 shows that when the CH 4 emission were analyzed for the individual parameter, the R 2 range from 0.004 to 0.217 for tropical, 0.012 to 0.244 for temperate and 0.024 to 0.121 for boreal reservoirs. The empirical regression equation developed using all the parameters are given in Table 3 , which shows that the coeffi cient of R 2 as 0.48 for tropical for CO 2 and 0.16 for CH 4 , 0.51 for boreal for CO 2 and 0.26 for CH 4 and very poor for temperate 0.31 for CO 2 and 0.37 for CH 4 . The signifi cant difference in observed and predicted emissions can be explained by the fact that the water quality as well as reservoir characteristics of one area cannot be related to another reservoir due to the complex aquatic environment and associated variability.
Results and Discussions
Coeffi cients of R 2 have been calculated for all the parameters as well as with respect to less number of parameters and the results are given in Table 4 . The table shows that when the numbers of reservoir parameters are reduced, R2 value also decreases. R 2 for CO 2 fl uxes for all the parameters in tropical reservoir are 0.48 which decreases as the number of parameters is reduced sequentially. Similarly, R 2 for CH 4 fl uxes is very less i.e. 0.16 for all and 0.004 for only one parameter. In temperate reservoirs, R 2 for CO 2 is 0.27 while it is 0.37 for CH 4 fl uxes for all parameters (0.199) and 0.225 only for 2 parameters for CO 2 and CH 4 respectively. Further, R 2 for CO 2 fl ux is 0.51 while it is 0.26 for CH 4 for all the parameters in a boreal reservoir. Similarly, it is 0.197 for CO 2 and 0.224 for CH 4 for single parameter only. The above results indicate that R 2 for CO 2 is more than R 2 for CH 4 in a temperate reservoir. It is 0.27 for CO 2 and 0.37 for CH 4 , while it is 0.51 for CO 2 and 0.26 for CH 4 for a boreal reservoir for all the parameters. Since R 2 in all the cases is <0.90; therefore, these values cannot be used to predict GHG emissions but can be helpful in giving an idea about the extent of emissions in reservoirs located in a particular eco-region when all the parameters are used.
Figures 2, 3 and 4 compare the predicted and observed CO 2 fl uxes for 32 reservoirs in the tropical region, 16 reservoirs for CH 4 fl uxes in temperate region and 17 reservoirs for CO 2 fl uxes in the boreal eco-region. It can be seen that in some reservoirs, there is a large difference between the predicted and observed emissions compared to very small difference for other reservoirs. These results indicate high uncertainty in the water bodies due to the interferences of different pollutants and as such, these relationships cannot be accurately used for prediction. Dones et al (2007) found that the uncertainty in measuring emissions from hydropower reservoirs is attributed to the rate of decomposition, which in turn, is affected by temperature, geographical location, reservoir age, the amount and type of vegetation, water residence time, reservoir shape and volume. Teodoru et al (2010) , Tremblay et al (2010) and Siyue Li. X.X. Lu (2012) also found that the reservoir surface area and paucity of carbon emission are related to the ecological zone and GHG emission from hydroelectric reservoirs are globally under-estimated .
In view of the above, it is concluded that R 2 for both CO 2 and CH 4 is observed to be 0.50 when the combined impact of all the parameters are studied and can be Where: n= Number of reservoirs, A 1 =CO 2 fl ux, A 2 = CH 4 fl ux, B=Age, C= Mean depth, D=Area, E=Volume, F=Residential time, G=Input of TP, H=input of DOC. used for prediction. Further, the GHG emissions are signifi cantly infl uenced by reservoir characteristics and water quality parameters in boreal reservoirs for CO 2 (0.51) and CH 4 (0.37) in temperate zone as compared to reservoirs located in other eco-regions. The study also found that very limited experimentally measured emission data are available but more efforts are required to measure more and more GHG emissions in different reservoirs located in different climatic conditions. Since GHG emissions are highly related to water quality, developing models for predicting water quality can be used to predict anoxic waters with good confi dence.
Conclusions
The data on the effect of water quality parameters and hydropower reservoir characteristics on GHG emissions is very much scarce. Accordingly, water quality and reservoir characteristics and GHG emission data were extracted from 154 reservoirs located in tropical, boreal and temperate eco-regions. To study the impact of reservoir parameters on the GHG emissions, linear equations are developed but the regression coeffi cient is found to be very poor; the R 2 ranges for CO 2 from 5×10-5 to 0.09 for tropical reservoir, 0.002-0.16 for temperate reservoir and 0.001-0.36 for boreal reservoir, and the R 2 range for CH 4 is from 0.004 to 0.217 for tropical reservoir, 0.012 to 0.244 for temperate reservoir and 0.024 to 0.121 for boreal reservoir, which, being far lower than 0.90, cannot be used for the prediction of GHG from the reservoirs. Therefore, the empirical regression equations are developed to see the combined impact of all the parameters on GHG emissions. These correlations are found to have regression coeffi cient of R 2 >0.40 for CO 2 for tropical and boreal reservoirs, very poor R 2 <0.40 for temperate reservoirs while for CH 4 , it is R 2 <0.40 for all tropical, temperate and boreal reservoirs. These correlations could be tentatively used to get an idea about the level of emissions, as the GHG measurement at site is diffi cult and no perfect measurement techniques are available. The data analyses have indicated high uncertainty in water bodies due to the interferences of different pollutants and as such, these relationships cannot be usefully used for the prediction. Results also show that when the number of reservoir parameters is reduced, the R 2 also decreases. The CO 2 emissions are found to be affected signifi cantly by the reservoir age, input of DOC, reservoir volume as evidenced by the relatively higher R 2 range from 0.26-0.36 for boreal reservoirs. However, there is huge scope of R & D in the area of GHG emissions from water bodies for an understanding of the actual phenomenon occurring in the natural aquatic environment.
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